Introduction
============

Non-small cell lung cancer (NSCLC) is the leading cause of death from cancer worldwide, with most patients diagnosed with NSCLC at an advanced stage. Over the past two decades, lung adenocarcinoma has replaced lung squamous cell carcinoma as the most common subtype of NSCLC ([@b1-etm-0-0-3584]). As a consequence, research efforts have focused on novel therapeutic strategies for the treatment of lung adenocarcinoma ([@b2-etm-0-0-3584],[@b3-etm-0-0-3584]).

Epithelial cell transforming sequence 2 (ECT2) is a guanine nucleotide exchange factor that has been associated with the regulation of cell cycle progression and cytokinesis ([@b4-etm-0-0-3584],[@b5-etm-0-0-3584]). Accumulating evidence has revealed that ECT2 is frequently upregulated in human cancers. For instance, Jin *et al* ([@b6-etm-0-0-3584]) found that ECT2 was significantly upregulated in gastric cancer tissues when compared with normal gastric tissues, and its increased expression was associated with poor prognosis in patients with gastric cancer. Sano *et al* ([@b7-etm-0-0-3584]) reported that the expression of ECT2 was markedly increased in high-grade gliomas, as compared with low-grade gliomas, and patients in whom expression of ECT2 in tumor tissues was the lowest survived longer than patients who exhibited higher expression levels. Moreover, ECT2 has been demonstrated to act as an oncogene in human cancers. Chen *et al* ([@b8-etm-0-0-3584]) reported that ECT2 promoted early recurrence in human hepatocellular carcinoma via regulation of the Rho/ERK signaling. Another study demonstrated that the oncogenic activity of ECT2 is regulated through protein kinase C iota-mediated phosphorylation ([@b9-etm-0-0-3584]).

Recently, ECT2 has been implicated in early-stage lung adenocarcinoma. Murata *et al* ([@b10-etm-0-0-3584]) reported that the expression of ECT2 was significantly upregulated in early-stage invasive adenocarcinoma, and was correlated with both the Ki-67 labeling index and mitotic index. Furthermore, ECT2 expression was associated with disease-free survival and overall survival in patients with lung adenocarcinoma. However, the detailed role of ECT2 in the regulation of the malignant phenotypes of lung adenocarcinoma cells remains unknown.

The present study aimed to investigate the role of ECT2 in mediating the malignant phenotypes of lung adenocarcinoma cells.

Materials and methods
=====================

### Cell culture

Human lung adenocarcinoma cell lines: H650, EKVX, HCC4006, HCC827, HCC2935, Hop62 and A549, and a normal lung epithelial cell line (BEAS-2B) were obtained from the Cell Bank of Chinese Academy of Sciences, (Shanghai, China). Cells were cultured in Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; both Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C in a humidified incubator with an atmosphere containing 5% CO~2~.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Total RNA was extracted from cells using TRIzol Reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. A reverse transcription kit (Thermo Fisher Scientific, Inc.) was used to convert total RNA into cDNA, according to the manufacturer\'s protocol. DNase treatment was used to remove genomic DNA. Expression levels of mRNA were detected using a SYBR Green RT-PCR kit (Takara Bio, Inc., Otsu, Japan) on an ABI 7500 thermal cycler (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. The reaction mixture contained 1 µl cDNA template, 10 µl SYBR Green PCR master mix, 2 µl forward and reverse primers and 7 µl H~2~O. Primer sequences were as follows: ECT2, forward 5′-TGTAGTCACGGACTTTCAGGA-3′ and reverse 5′-GTACAATACAACGGGCGACAT-3; and GAPDH (internal reference), forward 5′-ACAACTTTGGTATCGTGGAAGG-3′ and reverse 5′-GCCATCACGCCACAGTTTC-3′. PCR thermal cycling conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for 30 sec. Relative expression levels were analyzed relative to GAPDH using the 2^−ΔΔCq^ method ([@b11-etm-0-0-3584]). Reactions were repeated three times.

### Western blot analysis

Cells were lysed with ice-cold lysis buffer (50 mM Tris-HCl, 100 mM 2-mercaptoethanol, 2% w/v SDS, 10% glycerol; pH 6.8). Proteins (100 µg) were separated by 12% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sciences, Chalfont, UK). Subsequently, the PVDF membrane was blocked with phosphate-buffered saline supplemented with 5% milk overnight at 4°C, and incubated with rabbit anti-ECT2 (1:100; ab123571) or rabbit anti-GAPDH (1:200; ab181602; both Abcam, Cambridge, UK) monoclonal antibodies at room temperature for 3 h, respectively. Following washing three times with phosphate-buffered saline and Tween 20 for 5 min, the PVDF membrane was incubated with horseradish peroxidase-conjugated mouse anti-rabbit secondary antibody (1:10,000; ab99702; Abcam) at room temperature for 40 min. Super Signal West Pico Chemiluminescent Substrate kit (Pierce, Rockford, IL, USA) was used to detect the signals according to the manufacturer\'s protocol. Relative protein expression was analyzed by Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA), and was represented as a density ratio compared with GAPDH.

### Transfection

A549 cells were cultured to 70--80% confluence and Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) was used to conduct transfection according to the manufacturer\'s protocol. Briefly, ECT2 siRNA, non-specific siRNA (both Santa Cruz Biotechnology, Inc., Dallas, TX, USA), pcDNA3.1-ECT-2 plasmid, blank pcDNA3.1 vector (both Nlunbio, Changsha, China), or Lipofectamine 2000 was diluted with serum-free medium, respectively. Diluted Lipofectamine 2000 was subsequently added into the diluted siRNA, and incubated for 20 min at room temperature prior to supplementation into the cell medium. Cells were incubated at 37°C in an atmosphere containing 5% CO~2~ for 6 h. Subsequently, the medium in each well was replaced by DMEM medium supplemented with 10% FBS, and cultured for a further 24 h before performing the following assays.

### Cell proliferation assay

MTT assay was used to measure cell proliferation. Following transfection, 100 µl cell suspension (5,000 cells/ml) was seeded into a 96-well plate, and incubated at 37°C in an atmosphere containing 5% CO~2~ for 6, 12, 24 and 36 h, respectively. Following this, the medium in each well was replaced by 100 µl fresh serum-free DMEM medium with 0.5 g/l MTT and incubated at 37°C for 4 h. The medium was subsequently removed by aspiration and 50 µl DMSO was added. Following incubation for 10 min at room temperature, formazan production was detected by measuring the optical density at 570 nm using an ELX-800 type ELISA reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).

### Cell migration assay

Wound healing assay was performed to evaluate cell migration. A549 cells were cultured to 100% confluence, and wounds (\~1 mm) were scratched into the cell layer with a plastic scriber. A549 cells were subsequently incubated in serum-free DMEM medium for 24 h. Following this, A549 cells were incubated in DMEM medium supplemented with 10% FBS and cultured for 48 h. A549 cells were fixed and observed under a light microscope (Nikon Corp., Tokyo, Japan).

### Cell invasion assay

Transwell assay was performed to evaluate cell invasion. In brief, 24-well Transwell chambers (EMD Millipore, Billerica, CA, USA) with a layer of matrix gel were used. A total of 500 µl DMEM supplemented with 10% FBS was added into the lower chamber, whereas 300 µl A549 cell suspension (50,0000 cells/ml) was added into the upper chamber. Following incubation at 37°C in an atmosphere containing 5% CO~2~ for 24 h, non-invading A549 cells and the matrix gel were removed. A549 cells that had successfully migrated through the membrane were stained for 20 min, rinsed with water, and dried at room temperature. Five fields were randomly selected under the microscope, and the stained cell number in these fields were counted.

### Statistical analysis

Data were presented as the mean ± standard deviation. Student\'s t-tests or one-way analysis of variance were used to statistically analyze data with SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) software. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### ECT2 is significantly upregulated in lung adenocarcinoma cell lines

To elucidate the role of ECT2 in lung adenocarcinoma *in vitro*, RT-qPCR and western blot analysis were performed to detect the mRNA and protein expression levels of ECT2 in lung adenocarcinoma cell lines (H650, EKVX, HCC4006, HCC827, HCC2935, Hop62 and A549) and a normal lung epithelial cell line (BEAS-2B). As shown in [Fig. 1A and B](#f1-etm-0-0-3584){ref-type="fig"}, ECT2 mRNA and protein expression levels were significantly increased in the lung adenocarcinoma cell lines, as compared with the normal lung epithelial BEAS-2B cells (P\<0.01), suggesting that aberrant upregulation of ECT2 may be associated with the malignant progression of lung adenocarcinoma.

### ECT2 promotes A549 cell proliferation

To investigate the role of ECT2 in the regulation of lung adenocarcinoma cell proliferation, lung adenocarcinoma A549 cells were transfected with ECT2 plasmid or ECT2 siRNA. Following transfection, the mRNA and protein expression levels of ECT2 were assessed in A549 cells by conducting RT-qPCR and western blot analysis. As shown in [Fig. 2A and B](#f2-etm-0-0-3584){ref-type="fig"}, transfection with ECT2 plasmid significantly upregulated ECT2 mRNA and protein expression levels, whereas transfection with ECT2 siRNA significantly downregulated ECT2 mRNA and protein expression in A549 cells, as compared with the control cells (both P\<0.01). Subsequently, an MTT assay was performed to determine the cell proliferation rate of the various cell lines. As shown in [Fig. 2C](#f2-etm-0-0-3584){ref-type="fig"}, overexpression of ECT2 significantly enhanced A549 cell proliferation, whereas knockdown of ECT2 significantly inhibited A549 cell proliferation, as compared with the control group (both P\<0.01), indicating that ECT2 has a promoting role in the regulation of proliferation in lung adenocarcinoma cells.

### ECT2 enhances the migration of A549 cells

As shown in [Fig. 3](#f3-etm-0-0-3584){ref-type="fig"}, upregulation of ECT2 significantly enhanced A549 cell migration after 48 h, whereas downregulation of ECT2 significantly inhibited A549 cell migration, as compared with the control group (both P\<0.01). The results suggested that ECT2 has a promoting role in the regulation of lung adenocarcinoma cell migration.

### ECT2 promotes the invasion of A549 cells

As shown in [Fig. 4](#f4-etm-0-0-3584){ref-type="fig"}, Transwell assay data demonstrated that overexpression of ECT2 significantly promoted A549 cell invasion, whereas knockdown of ECT2 significantly suppressed the invasion of A549 cells. These findings suggested that ECT2 may have an oncogenic role in the mediation of the cell invasion of lung adenocarcinoma cells.

### ECT2 induces epithelial-mesenchymal transition (EMT) in A549 cells

As EMT has a key role in the regulation of tumor cell migration and invasion ([@b12-etm-0-0-3584]), the levels of EMT-related proteins, including E-cadherin, N-cadherin and vimentin, were investigated in A549 cells in each group. As shown in [Fig. 5](#f5-etm-0-0-3584){ref-type="fig"}, the protein levels of N-cadherin and vimentin were significantly increased, whereas E-cadherin was significantly downregulated in A549 cells transfected with ECT2 plasmid, as compared with the control group (all P\<0.01). Conversely, knockdown of ECT2 led to a significant downregulation of N-cadherin and vimentin expression levels, whereas knockdown significantly increased E-cadherin protein levels in A549 cells, as compared with the control group (all P\<0.01). The results suggested that ECT2 has a promoting role in mediating EMT in lung adenocarcinoma cells.

Discussion
==========

Recently, ECT2 has been implicated in early-stage lung adenocarcinoma ([@b10-etm-0-0-3584]). However, the detailed role of ECT2 in the regulation of the malignant phenotypes of lung adenocarcinoma cell is yet to be fully elucidated. In the present study, ECT2 was significantly upregulated in lung adenocarcinoma cell lines, as compared with normal lung epithelial cells. *In vitro* studies demonstrated that siRNA-induced knockdown of ECT2 significantly inhibited the proliferation, migration and invasion of lung adenocarcinoma A549 cells, whereas overexpression of ECT2 significantly enhanced the proliferation, migration and invasion abilities of A549 cells. Molecular mechanism investigations revealed that ECT2 has a promoting role in EMT in A549 cells. Therefore, these findings suggested that ECT2 acts as an oncogene in lung adenocarcinoma.

ECT2 is a guanine nucleotide exchange factor of the Rho family of GTPases, which are able to catalyze the exchange of GDP for GTP, and activate the Rho GTPases in signal transduction ([@b4-etm-0-0-3584]). It is well-established that ECT2 is involved in the regulation of cytokinesis ([@b4-etm-0-0-3584]). Moreover, deregulation of ECT2 has been found in various types of human cancer, such as head and neck cancer, ovarian cancer, colorectal cancer, retinoblastoma, cervical cancer, osteosarcoma, pancreatic ductal adenocarcinoma, cervical cancer, oral squamous cell carcinoma, and NSCLC ([@b13-etm-0-0-3584]--[@b21-etm-0-0-3584]). Hirata *et al* ([@b22-etm-0-0-3584]) performed immunohistochemical staining and demonstrated that elevated ECT2 expression was associated with the poor prognosis of patients with NSCLC, thus ECT2 may be an independent prognostic factor for NSCLC. The results of the present study, demonstrated that the expression of ECT2 was significantly upregulated in lung adenocarcinoma cell lines, as compared with normal lung epithelial cells, suggesting that downregulation of ECT2 may be associated with the development and progression of lung adenocarcinoma. However, the exact role of ECT2 in lung adenocarcinoma remains unknown. The biological function of ECT2 was investigated in lung adenocarcinoma growth *in vitro*, which indicated that ECT2-specific siRNA-induced inhibition of ECT2 expression significantly suppressed cell proliferation in lung adenocarcinoma cells, whereas overexpression of ECT2 enhanced A549 cell proliferation. Hirata *et al* ([@b22-etm-0-0-3584]) also reported that knockdown of ECT2 expression effectively suppressed lung cancer cell growth, and ECT2 was also found to have a role in the regulation of cell cycle progression and cytokinesis. Saito *et al* ([@b23-etm-0-0-3584]) investigated the role of the cell cycle regulator/checkpoint control protein-related domains of ECT2 in cytokinesis, and found that expression of the N-terminal of ECT2, which lacks the catalytic domain, inhibited cytokinesis. Furthermore, Xu *et al* ([@b24-etm-0-0-3584]) reported that miR-223/ECT2/p21 signaling mediated the cell cycle progression and proliferation of osteosarcoma cells. Therefore, these findings suggest that the role of ECT2 in the regulation of A549 cell proliferation may attribute to cell cycle arrest.

It has also been suggested that ECT2 is associated with the mediation of the metastasis of human cancer. Sano *et al* ([@b7-etm-0-0-3584]) demonstrated that knockdown of ECT2 inhibited the invasion of glioma cells. ECT2 was also reported to enhance the migration and invasion of glioblastoma cells, suggesting that ECT2 is also associated with glioblastoma metastasis ([@b5-etm-0-0-3584],[@b25-etm-0-0-3584]). The present study indicated that inhibition of ECT2 expression also inhibited the migration and invasion of lung adenocarcinoma cells, suggesting that ECT2 is associated with the regulation of lung adenocarcinoma metastasis. Further investigation revealed that knockdown of ECT2 also suppressed EMT in lung adenocarcinoma cells. EMT has been demonstrated to have a key role in the regulation of the metastasis of human cancer, including lung adenocarcinoma ([@b26-etm-0-0-3584]--[@b28-etm-0-0-3584]). Therefore, ECT2-mediated EMT may be associated with ECT2 in the regulation of lung adenocarcinoma cell metastasis.

In conclusion, the results of the present study demonstrated that the expression of ECT2 was significantly increased in lung adenocarcinoma cells, as compared with normal lung epithelial cells. Furthermore, it was demonstrated that ECT2 has a promoting role in the regulation of cell proliferation, migration, invasion and EMT in lung adenocarcinoma cells. Therefore, ECT2 may become a potential therapeutic target for the treatment of lung adenocarcinoma.

![(A) Reverse transcription quantitative-polymerase chain reaction and (B) western blot analysis were conducted to assess the mRNA and protein expression levels of ECT2 in lung adenocarcinoma cell lines: H650, EKVX, HCC4006, HCC827, HCC2935, Hop62 and A549, as well as normal lung epithelial cell line: BEAS-2B. Data are presented as the mean ± standard deviation. \*\*P\<0.01 vs. BEAS-2B. ECT2, epithelial cell transforming sequence 2.](etm-12-04-2088-g00){#f1-etm-0-0-3584}

![(A) Reverse transcription quantitative-polymerase chain reaction and (B) western blot analysis were conducted to assess the mRNA and protein expression levels of ECT2 in lung adenocarcinoma A549 cells transfected with ECT2 plasmid or ECT2 siRNA, respectively. (C) MTT assay was performed to determine the cell proliferation rates in each group. Non-transfected A549 cells were used as the control. Data are presented as the mean ± standard deviation. \*\*P\<0.01 vs. the control. ECT2, epithelial cell transforming sequence 2; OD, optical denisty.](etm-12-04-2088-g01){#f2-etm-0-0-3584}

![Wound healing assay was performed to determine the migration of lung adenocarcinoma A549 cells transfected with ECT2 plasmid or ECT2 siRNA, respectively. Non-transfected A549 cells were used as the control. Data are presented as the mean ± standard deviation. \*\*P\<0.01 vs. the control. ECT2, epithelial cell transforming sequence 2.](etm-12-04-2088-g02){#f3-etm-0-0-3584}

![Transwell assay was performed to determine the invasion of lung adenocarcinoma A549 cells transfected with ECT2 plasmid or ECT2 siRNA, respectively. Non-transfected A549 cells were used as the control. Data are presented as the mean ± standard deviation.\*\*P\<0.01 vs. the control. ECT2, epithelial cell transforming sequence 2.](etm-12-04-2088-g03){#f4-etm-0-0-3584}

![Western blot analysis was conducted to detect protein expression levels in lung adenocarcinoma A549 cells transfected with ECT2 plasmid or ECT2 siRNA, respectively. Non-transfected A549 cells were used as the control. Data are presented as the mean ± standard deviation. \*\*P\<0.01 vs. the control. ECT2, epithelial cell transforming sequence 2.](etm-12-04-2088-g04){#f5-etm-0-0-3584}
